A proof-of-concept mercury probe was developed based on covalent attachment of a chemical coating to optical fibre. The sensing element comprised a dansyl derivative and crown ether moiety, acting as fluorophore and metal ion chelator respectively. An ON-OFF type fluorescence (quench) occurred upon binding of mercury ions, via an intramolecular charge transfer mechanism, in aqueous solution in the 909nM-90.9μM (247 ppb -24.7 ppm) concentration range. A washing protocol was identified for sensor regeneration allowing the probe to be re-used.
INTRODUCTION
Mining and industrial activities cause an increase in mercury contamination in soil and this poses a serious global problem. Common methods for the remediation of mercury-contaminated soil include excavation and disposal but these methods are costly and crude. 1 The toxicological effects of mercury include various neurodegenerative diseases such as Alzheimer's diseases and Parkinson's disease 2 plus elemental mercury and inorganic mercury compounds have been reported to damage the immune system and kidneys. 3 Several fluorescent sensors that are selective for the mercury ion are known for aqueous systems or imaging in cells. [4] [5] [6] [7] Liu et al developed a DNA-based sensor 8 for the detection of lead (II) ions in soil samples and spiked Hg 2+ in pond samples that works by changes in fluorescence intensity but overall reports of chemosensors for measuring mercury in soil appear very scarce.
Commercial heavy metal sensors for use in soil are very limited and are typically either very expensive or require extraction of soil prior to manipulation and analysis. Consequently, there is a strong industrial need for the development of a low-cost and portable alternative for mercury detection, thus providing a fast screening solution to an important aspect of environmental science. This work forms part of our contribution to the EU-funded POLLINS project 4 which aims to develop a semi-autonomous remote-controlled robotic platform that would scan an area periodically, detect type and concentration of soil pollutants and warn for the necessary treatment proceedings.
DESIGN AND FABRICATION OF SENSOR
A mercury sensor derived from 5-chloronaphthalene-1-sulfonyl chloride (a dansyl-type derivative acting as the fluorophore) and monoaza-15-crown-15 (moiety acting as the metal ion chelator) was prepared and coated onto the distal end of a multimode fibre; see Figure1. As shown in Figure 1 (top scheme), the fibre was appropriately treated (using 10% potassium hydroxide in isopropanol then Piranha solution) then modified by silanisation in a 10% solution of (3-aminopropyl)triethoxysilane in absolute ethanol prior to the reaction with the fluorophore-ion binder hybrid. For this reaction, a small volume of a mixture of the hybrid molecule (4.2mg) in dry, argon-degassed toluene (525μl) was placed into a capillary tube and the distal end of the fibre was inserted. This arrangement was sealed quickly with melted plastic and then covalent attachment of the chemical coating was allowed to occur at 100 o C. The sensor was stored with the tip immersed in deionised water before use.
The underpinning the sensing principle is highlighted in Figure 1 (bottom scheme), where an intramolecular Charge Transfer (ICT) process was envisaged. [10] [11] [12] Excitation by light leads to an ICT from the relatively electron rich fluorophore 10 to the relatively electron-withdrawing crown ether, resulting in fluorescence. Mercury ion binding suppresses this ICT and consequently induces the spectral change (fluorescence quench). A picture of the mercury sensing probe created using the approach shown in Figure 1 (top scheme) and based on the sensing mechanism illustrated in Figure 1 (bottom scheme) is also shown in Figure 1 . Figure 2 shows the configuration of an optical fibre mercury sensor system, where the metal sensing probe is connected to a 375nm LED for the excitation of the fluorophore and a mini-spectrometer through a 1x2 fibre coupler for the observation of the fluorescence spectral variation when the probe is exposed to the solution with different mercury concentrations.
General considerations and Sensor Response to Mercury

Figure 2: Experimental Set-up
The probe was immersed in different concentration of mercury (II) chloride in deionised water and Figure 3 summarises the spectral variation as a function of mercury concentration (at 500.15nm). The sensor tip was rinsed with deionised water after each measurement. It is noticeable that with the increase of the mercury concentration, from 247 ppb, through 2.47 ppm to 24.7ppm, the fluorescence signal is decreasing and this further confirms the 'fluorescence quenching' effect as illustrated in Figure 1 . The response time was ≤5mins in each case. Research is on-going with an aim to significantly improve the sensor sensitivity. 
Sensor Regeneration
Sensor repeatability is a critical requirement such that continuous, on-site heavy metal measurement can occur. Consequently, a washing procedure was identified, employing the known mercury binder TPEN (N,N,N′,N′-tetrakis(2-pyridylmethyl)ethylenediamine), to enable sensors of this kind to be re-used. This concept is demonstrated in Figure 4 . Fluorescence data indicating the probe's regeneration by removal of the mercury using 9.41milliM TPEN in deionised, and subsequent rinsing with deionised water, for multiple measurement cycles are shown in Figure 5 . This spectralcomparison before and after the TPEN incubation indicates a return to stronger fluorescence. Further optimisation of this protocol is in on-going to refine the sensor design and packaging for the next-stage field tests. 
CONCLUSIONS AND FUTURE PLANS
We have demonstrated a proof-of-concept optical fibre sensor able to detect mercury in dilute aqueous solutions and a procedure that allows the principle that probe to be re-used. Further refinement of the sensor functionality is currently underway by incorporation of an alternative azathia-based crown ether that is predicted to bind mercury more tightly, thereby conferring improved sensitivity. 10 Transfer to field testing in soil, using appropriate sensor packaging, and additional sensor characteristics such as metal selectivity will be reported on in due course. Given the generic sensor design protocol used, the success of similar chemical sensors could rapidly lead to the assembly of important tools.
